Cell cultures represent valuable preclinical models to decipher pathogenic circuitries. This is true also for biomedical research in space. A lot has been learnt about cell adaptation and reaction from the experiments performed on many different cell types flown to space. Obviously, cell culture in space has to meet specific requirements for the safety of the crew and to comply with the unique environmental challenges. For these reasons, specific devices for cell culture in space have been developed. It is important to clarify whether these alternative culture systems impact on cell performances to allow a correct interpretation of the data.
Introduction
Gravity has shaped life on earth. This concept became evident when the space race started in the 1950s. After hundreds of space missions it is clear that spaceflight and, in particular, long-duration missions activate adaptive responses that might result in potential hazard for the astronauts. Indeed, several pathophysiological alterations are reported that lead to cardiovascular deconditioning, spatial disorientation because of vestibular impairment, immune deficiency, muscle atrophy, and bone demineralization, among others. 1 We are interested in investigating the alterations of the bone and of the endothelium in microgravity.
As mentioned above, astronauts experience serious, weightlessness-induced bone loss and this is due to an unbalanced process of bone remodeling that involves osteoblasts, osteocytes, and osteoclasts. 2 The effects of microgravity on the cells of the bone have been studied in simulated and real microgravity, 3 but it is only recently that consideration has been given to the role of bone mesenchymal stem cells (bMSCs), which can differentiate into osteoblasts, chondrocytes, and adipocytes depending on the stimuli they receive. 4 bMSCs also produce several factors that regulate bone homeostasis and hematopoietic progenitors. 5 The effects of simulated microgravity on these cells are controversial. [6] [7] [8] [9] We have recently demonstrated that culture of bMSCs in the random positioning machine, a bioreactor which simulates microgravity, activates stress response, and accelerates the expression of several osteogenic genes. 10 Experiments on bMSCs in real microgravity might help to better understand how these cells respond to mechanical unloading.
Also endothelial cells are particularly puzzling to study, not only because they are responsible for maintaining the integrity of the vessels, but also because they influence the neighboring tissues by secreting various molecules. 11 Endothelial cells are highly heterogeneous in structure and function, gene expression, and antigen composition. 12 Accordingly, heterogeneous responses are described in endothelial cells from different vascular beds and even in different sections of the same vascular bed. Simulated microgravity affects endothelial function and different responses to gravitational unloading have been described in micro-and macrovascular human endothelial cells. [13] [14] [15] [16] We have also shown that microvascular endothelial cells in simulated microgravity release proteins that affect osteoblast behavior in a co-culture system. 17 Recently, both macrovascular 18 and microvascular endothelial cells were flown to the International Space Station (ISS), which offers unique opportunities to study the effect of space on the cells.
For biological experiments in space, several requirements need to be met and specific closed cell culture systems (from now defined experimental units (EUs)), which must be safe, light, and functional, have been developed. 19 For manned space flight there are rigorous safety requisites to minimize any potential hazard to the crew. In addition, because the daily schedule of astronauts is very tight, the EUs should possess a high degree of automation. Moreover, to reduce the cost of space missions, it is important that the EUs for cell culture are light. They must be biocompatible and provide the optimal conditions for the cells including the possibility of supplying fresh medium or specific reagents to collect and preserve the samples at the end of the experiment.
We have been involved in the preparation of some experiments on cells which were flown to the ISS. In particular, bMSCs, human umbilical vein endothelial cells (HUVECs), and human dermal microvascular endothelial cells (HDMECs) were space flown in the EUs used in this study.
We investigated two main issues: (i) whether culture in the EU, which is a close system, induces oxidative stress. To find an answer, we cultured the cells in the EU and measured the production of reactive oxygen species (ROS); (ii) whether culture in the EU alters the behavior of the cells. In the case of bMSCs, we exposed the cells cultured in the EU to an osteogenic medium (OM) and evaluated the expression of Runt-related transcription factor 2 (RUNX2) and osterix (OSX), crucial transcription factors in osteogenesis. For endothelial cells, we evaluated cell growth at 24 and 96 h after assembling the EUs.
Methods

Experimental Units (EUs)
The EUs, electromechanical devices for the autonomous execution of a scientific protocol in microgravity, were developed by Kayser Italia 18 (Figure 1 ). Briefly, each EU is composed of a brick of biological compatible plastic (PEEK Õ ) with a cell culture chamber, five cylindrical reservoirs to store media and chemicals, and a fluidic path for exchanging fluids. The culture chamber is designed to accommodate cells cultured in monolayer on 2.3 cm 2 Thermanox coverslips (Nunc, Roskilde, Denmark) with 1.3 mL of culture medium (CM). Each reservoir has a piston, which injects fresh fluids into the culture chamber so that the wasted fluids are collected in the empty cylinder. In these experiments, three reservoirs were filled as following: 1-2 contained phosphate buffered saline (PBS) to rapidly wash the monolayer, three contained various compounds, i.e. RNAlater to extract RNA, 4% Figure 1 Experimental unit. EU and its components are shown before (a), during (b, c), and after (d) the assembling. (a) Gaskets (1) prevent contamination and liquid leakage; Thermanox coverslip (2) are used to culture the cells and are inserted into the Thermanox coverslip support (3) which is then assembled into the main body (6) and covered with the lateral cover (5); pistons (4) compress the fluids and valves (7) regulate the exchange of fluids. 
Cell culture
HDMECs were obtained from CDC (Atlanta) and grown in MCDB131 (Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, USA) containing epidermal growth factor (10 ng/mL), hydrocortisone (1 mg/mL), 10% fetal bovine serum (FBS), and glutamine (2 mM). 14 HUVECs (American Type Culture Collection) were cultured in M199 containing 10% FBS, glutamine (2 mM), endothelial cell growth factor (150 mg/mL), sodium pyruvate (1 mM), and heparin (5 units/mL). 20 Both HDMECs and HUVECs were cultured on gelatin-coated dishes (2% in water). bMSCs from adult human bone marrow of a male healthy volunteer were donated by Prof. Berti (Policlinico, Milan). 10 These cells, which flew to the ISS in 2015, were cultured in Dulbecco's Modified Eagle's Medium with 1000 mg/L glucose and containing 10% FBS and 2 mM glutamine. In some experiments, bMSCs were cultured in the presence of the antioxidant N-acetylcysteine (NAC) (1 mM). All the cells were maintained at 37 C and 5% CO 2 . All culture reagents were from Sigma-Aldrich, Saint Louis, Missouri, USA. To be cultured in the EUs, all these cells were seeded on Thermanox coverslips in their own CM supplemented with 12.5 mM HEPES to buffer culture media and kept overnight at 37 C before being loaded in the EUs. For endothelial cells, the coverslips were coated with 2% gelatin. Control cells on Thermanox were maintained in culture dishes with 1.3 mL of CM. All the cells were cultured at 37 C in the presence of HEPES. Endothelial cells were trypsinized, stained with trypan blue solution (0.4%), and the viable cells were counted using a cell counter just before assembling the EUs (Time 0) and after 24 or 96 h. The experiments were performed at least three times. To study in vitro osteogenic differentiation of bMSCs, part of the samples were exposed to an OM containing 2 Â10 À8 M 1a,25dihydroxyvitamin D 3 , 10mM b-glycerolphosphate, and 0.05 mM ascorbic acid (Sigma-Aldrich). 10 For morphology evaluation, hematoxylin-eosin staining was performed. Briefly, the cells were fixed with 4% paraformaldehyde (PFA) for 10 min and washed with PBS for three times. After adding hematoxylin for 3 min, the cells were dyed with eosin, dehydrated with gradient ethanol, soaked with xylene, and mounted with neutral balsam. Stained cells were photographed with a Zeiss Imager M1 microscope equipped with the AxioCam MRc5 camera using AxioVision 4.6 software (Carl Zeiss Microimaging GmbH, Gottingen, Germany).
Reactive oxygen species (ROS) production
For ROS quantification, the cells were detached from the Thermanox by trypsinization and resuspended in a 20 mM 2 0 -7 0 -dichlorofluorescein diacetate (DCFH) solution. After 30 min of incubation in a 96-well black plate, the DCFH dye emission was monitored at 529 nm using Promega Glomax Multi Detection System. ROS production was normalized on the basis of cell number. The results are the mean of three independent experiments performed in triplicate. Data are shown as the fold increase in ROS levels of the samples compared to control cells cultured in dish.
Real-time polymerase chain reaction (PCR)
Total RNA from bMSCs was extracted by the PureLink RNA Mini kit (Ambion, Thermo Fisher Scientific). Singlestranded cDNA was synthesized from 0.2 mg RNA in a 20 mL 
Statistical analysis
Statistical significance was determined using Student's t-test and set as following: *P < 0.05, **P < 0.01, ***P < 0.001.
Results
Culture of bMSCs in the EUs
Confluent bMSCs on Thermanox were utilized. We measured ROS production by DCFH 24 and 96 h after assembling the EUs and found a significant increase of ROS generation in bMSCs in the EUs (Figure 3(a) ). To investigate whether this overproduction of ROS impacted on the response of the cells, we cultured bMSCs in the EUs in OM or CM. After 96 h the EUs were disassembled and cell morphology as well as the expression of osteogenic markers was investigated. As shown in Figure 3(b) , the cells were elongated with a round nucleus and a prominent nucleolus. We did not detect any significant morphological difference in cells grown in CM versus OM in the culture dish. However, in cells cultured in the EUs and exposed to the OM, the cells are less than numerous in the controls and tend to align and organize in bundles.
Then we evaluated the expression of two markers of osteogenic differentiation, RUNX2 and OSX, by real-time PCR after culturing bMSCs in the EU or in a dish in OM or CM for 96 h. Figure 3(c) shows that the induction of RUNX2 and OSX is higher in cells in the EU than in the corresponding controls in a culture dish. To investigate whether this difference could be ascribed to the overproduction of ROS by bMSCs in the EU, we exposed the cells to the synthetic antioxidant NAC (1 mM) for the duration of the experiment. We found that NAC decreased the expression of RUNX2 and OSX in bMSCs cultured in the EU in OM to levels comparable with the controls cultured in a dish (Figure 3(c) ), thus indicating that the increased production of ROS is involved in the accelerated expression of osteogenic markers.
Culture of HDMECs in the EUs 10 4 HDMECs were seeded on Thermanox coated with 2% gelatin. Twenty-four and 96 h after culture in the EUs, we measured ROS production by DCFH and did not detect any significant difference (Figure 4(a) ). It is noteworthy that ROS production dropped after 96 h when the cells reach confluence, indicating that ROS production is higher in sparse versus confluent cells. Indeed, while after 24 h proliferation in the EUs was retarded, no significant differences of cell number were observed after 96 h (Figure 4(b) ).
Culture of HUVECs in the EUs
A total of 5 Â 10 3 HUVECs were seeded on gelatin-coated Thermanox. We measured ROS production by DCFH 24 and 96 h after assembling the EUs. As shown in Figure 5 (a), after 24 h we found decreased amounts of ROS in cells in the EUs, while no differences were detected between the two experimental conditions after 96 h. It should be pointed out that the reduced generation of ROS after 96 h is a common feature in HUVECs and HDMECs (Figure 4(a) ). When we counted the cells, we found more cells in the EUs after 24 h, while after 96 h the number of cells was comparable in the EUs and in the controls (Figure 5(b) ).
Discussion
Our data show that when cultured in the EUs the behavior of three different cell types is different from controls grown under normal condition. It is noteworthy that HUVECs, HDMECs, and bMSCs were all cultured in these EUs to be flown to space for experiments onboard the ISS. For HUVECs the data of the experiment onboard the ISS have been published, 18 while the postflight analyses on HDMECs and bMSCs are in progress.
bMSCs are a rare population in bone marrow and show a broad spectrum of differentiation potential. 4 In response to osteogenic stimuli, they activate a genetic program leading to differentiation into osteoblasts, the cells in charge of bone formation. Since no ossification occurs in RUNX2 knockout mice, 22 RUNX2 is considered the master regulator of osteogenesis. OSX is necessary to promote the early stages of osteogenesis, but it is not sufficient to reach complete differentiation. 22 Here we show that culture in the EUs accelerates bMSCs genetic reprogramming by overexpressing RUNX2 and OSX in response to OM. This finding might be of interest not only for scientists preparing experiments for space biology but also for professionals involved in the growing field of regenerative medicine in orthopedics, with the aim of replacing or repairing diseased or injured skeletal tissue. We also found an increased generation (about threefold induction) of ROS in the EUs. In general, while an excess of ROS is cytotoxic, an adequate amount of ROS is required to maintain cell proliferation, self-renewal, and regulation of differentiation. 23 In bMSCs and in preosteoblasts, the generation of ROS is needed for osteogenic differentiation. 24, 25 Indeed, since the antioxidant NAC reduces the expression of RUNX2 and OSX in bMSCs exposed to OM in the EUs, we propose that the induction of osteogenic differentiation markers is mediated, in part, by ROS. It should also be noted that increased amounts of ROS might activate an adaptive response that enhances differentiation. Indeed, some stress proteins are important in regulating bMSCs performances. In particular, HSP70 induces the expression of RUNX2 and OSX, thus promoting osteogenesis. 26 HUVECs are widely used as a model of macrovascular endothelial cells. These cells were studied in simulated microgravity generated by the random positioning machine and the rotating wall vessels. 13, 16, 27 In 2010, these cells were flown to the ISS after being assembled into the EUs used in this study. 18 Space modulates the expression of more than 1000 genes. 18 Here we show that cell number is increased in the EUs after 24 h, suggesting that the microenvironment generated in the closed system of the EU favors HUVECs growth. At 96 h both EU cultured and control cells cultured in dish reach confluence. It is interesting to note that ROS production is lower in HUVECs in the EUs after 24 h. In addition, ROS are markedly decreased after 96 h in HUVECs in the EUs and in the dish, when the cells are confluent. These data are in agreement with the findings that cell number is inversely related to the production of ROS in HUVECs (data not shown). In space-flown HUVECs, on the basis of gene expression studies, an increase of oxidative stress has been postulated. 18 The results presented here suggest that oxidative stress is not generated by culture in the EUs, but it is possible that space environmental factors, such as vibrations, microgravity, and radiations, might induce the production of ROS.
HDMECs in the EUs behave differently from HUVECs. We found an initial and transient growth retardation, while after four days the cells in the EUs and their controls in the dish are confluent. We hypothesize that HDMECs might require some adaptive response early after culturing in the EUs, but they rapidly rescue their normal proliferation rate and reach confluence within four days like the controls. Differently from HUVECs and bMSCs, these cells do not alter ROS production in the EUs. The differences between HUVECs and HDMECs might be ascribed to the fact that endothelial cells from different vascular beds are heterogeneous in terms of function, structure, and responses to in vitro stimulation. Accordingly, we demonstrated the different response to simulated microgravity of these cells. 14, 16 There is one interesting similarity in the behavior of these cells, i.e. the production of ROS dramatically drops when HUVECs and HDMECs are confluent, thus indicating an inverse correlation between cell number and ROS generation.
We conclude that culturing cells in the EUs influences cell behavior and this is particularly evident in bMSCs, while both micro-and macrovascular endothelial cells seem to rapidly adapt to culture in these devices. To this purpose, it is well known that endothelial cells show a remarkable capacity to suit local requirements and to comply with different humoral, neural, and mechanical stimuli. 28 Several spaceflight hardware are available and, when planning experiments with cells in space, it would be interesting to evaluate whether and how these different devices affect cell performances. This will help to design proper protocols to ensure the optimization of the experimental conditions so that culture in the EU can reflect as closely as possible what happens in a culture dish. This approach will facilitate the interpretation of the results and the comparison with data obtained on earth under normal culture conditions.
